A b s t r a c t 4 0
In a field experiment we investigated the influence of the environmental filters soil type and 4 1 plant species identity on rhizosphere community assembly of Cercozoa, a dominant group of 4 2 (mostly bacterivorous) soil protists. The experiment was set up with two plant species, lettuce 4 3 and potato, grown in an experimental plot system with three contrasting soils. Plant species 4 4 (14%) and rhizosphere origin (vs. bulk soil) with 13%, together explained four times more 4 5 variation in cercozoan beta diversity than the three soil types (7% explained variation in beta 4 6 diversity). Our results clearly confirm the existence of plant species-specific protist 4 7
communities. Network analyses of bacteria-Cercozoa rhizosphere communities identified 4 8 scale-free small world topologies, indicating mechanisms of self-organization. While the 4 9
assembly of rhizosphere bacterial communities is bottom-up controlled through the resource 5 0 supply from root (secondary) metabolites, our results support the hypothesis that the net 5 1 effect may depend on the strength of top-down control by protist grazers. Since grazing of 5 2
protists has a strong impact on the composition and functioning of bacteria communities, 5 3
protists expand the repertoire of plant genes by functional traits, and should be considered 5 4
as 'protist microbiomes' in analogy to 'bacterial microbiomes'. 5 5 diversity and the four-fold stronger combined effect on cercozoan community composition by 3 1 1 the rhizosphere (i.e. its specific modification relative to bulk soil) and plant species identity 3 1 2 compared to soil type ( Fig. 3 ) reveal that the plant rhizosphere is a strong habitat filter for 3 1 3 protist community assembly. 3 1 4
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The bacterial taxa in our networks have been identified as typical members of lettuce and 3 1 5 potato 'core microbiomes ' (Cardinale et al., 2015; Mitter et al., 2016; Schreiter et al., 2014a; 3 1 6 Schreiter et al., 2018) . The term 'microbiome' sensu stricto denotes the microbial genes 3 1 7 encoding specific traits supplementing the plant genome by microbial functions such as 3 1 8 nutrient provision or pathogen defense (Berg et al., 2014a; Sánchez-Cañizares et al., 2017; 3 1 9 Vandenkoornhuyse et al., 2015) . Correspondingly, the 'protist microbiome' supplements the 3 2 0 plant genome by beneficial protist functions. These may include the provision of growth-3 2 1 limiting nutrients to plants (Bonkowski and Clarholm, 2012; Bonkowski et al., 2000; Ekelund 3 2 2 et al., 2009) and associated mycorrhiza (Bonkowski et al., 2001; Bukovská et al., 2018; 3 2 3 Jentschke et al., 1995; Koller et al., 2013a; Koller et al., 2013b) , the direct control of plant 3 2 4 pathogenic fungi (Chakraborty et al., 1983) , or enhancing the expression of bacterial 3 2 5 biocontrol genes and metabolites against plant pathogens (Jousset and Bonkowski, 2010; 3 2 6 Jousset et al., 2009; Jousset et al., 2010) . 3 2 7
Lettuce and potato specific cercozoan 'microbiomes' of bacterivorous protists however 3 2 8 appear to contradict these earlier studies showing that protist communities were shaped by 3 2 9 plants or their associated communities of rhizobacteria, instead of rhizosphere bacterial 3 3 0 communities being shaped by the grazing pressure of protists (Jousset et al., 2010; Jousset 3 3 1 et al., 2008; Rosenberg et al., 2009; Saleem et al., 2012) .
2
This raises the question on the mechanisms underlying the plant species-specific assembly 3 3 3 of protists. For rhizosphere bacteria a bottom-up regulation through resource supply from 3 3 4 roots is seen as the major driver of community selection (Bakker et al., 2015; Sasse et al., 3 3 5 2018) . The composition of root exudates, by providing a crucial energy source for soil 3 3 6 microorganisms (Kuzyakov and Blagodatskaya, 2015) and containing secondary metabolites 3 3 7 as microbial attractants or chemical deterrents have been suggested to select for the plant 3 3 8 species specific microbiomes (Guyonnet et al., 2018; Sasse et al., 2018) . Analogously, secondary metabolites of bacteria may shape the assembly of protist predators 3 4 0 in the rhizosphere of plants. Bacterivorous protists trigger immediate changes in bacterial 3 4 1 chemical defense (Flues et al., 2017; Jousset and Bonkowski, 2010; Jousset et al., 2006; 3 4 2 Jousset et al., 2010) . Defense is energetically costly, causing inequalities due to competitive 3 4 3 trade-offs in the growth-defense balance of bacterial communities (Jousset et al., 2009) . 3 4 4
Accordingly, shifts in predation pressure sorts out winners and losers among bacteria, 3 4 5 resulting in a functional and taxonomic remodeling of bacterial communities (Flues et al., 3 4 6 1 2017; Glücksman et al., 2010; Rosenberg et al., 2009; Xiong et al., 2018) . Overall, grazing-3 4 7 resistant bacterial taxa which exhibit targeted allelopathy against eukaryotes are favored in 3 4 8 soil systems (Arp et al., 2018; Jousset, 2012; Jousset et al., 2008; Matz and Kjelleberg, 3 4 9 2005; Mazzola et al., 2009) . This again may have important consequences for plant 3 5 0 performance, not only because some of these metabolites directly or indirectly influence root 3 5 1 growth (Brazelton et al., 2008; Combes-Meynet et al., 2011) , but because the same defense 3 5 2 compounds ward off microbial competitors, including fungal and bacterial plant pathogens 3 5 3 (Arp et al., 2018; Meyer et al., 2009; Ramette et al., 2011; Russell et al., 2014) . Accordingly, 3 5 4 the resulting communities of rhizosphere bacteria have been shown to express enhanced 3 5 5 biocontrol activity, indicating increased reliability of microbiome function (Jousset et al., 2011; 3 5 6 Rosenberg et al., 2009; Weidner et al., 2016) . 3 5 7
In correspondence with this hypothesis, our network analyses indicate non-random co-3 5 8 occurrences of Cercozoa and bacteria at the family level (see superscript c , Table 1 ). Scale-3 5 9 free networks exhibit specific mechanisms of self-organization, where highly connected 3 6 0 nodes acquire links at a higher rate than those that are less connected. This leads to the 3 6 1 emergence of a few highly connected hubs (Barabási, 2009; Montoya et al., 2006;  Watts and 3 6 2 Strogatz, 1998). 3 6 3
In a food web context, the constant release of root exudates favoring specific rhizosphere 3 6 4 bacteria and reciprocal specialized predators could result in the accumulation of co-evolved 3 6 5 subsets of rhizosphere microbiota, leading to positive co-occurrences as seen for lettuce. 3 6 6
Over the longer term, the accumulation of allelopathic metabolites may restrict the activity of 3 6 7
protists (Foissner, 1987; Jousset, 2012; Jousset et al., 2006) , and could lead to negative co-3 6 8 occurrences similar to those seen for potato ( Fig. 4 ). 3 6 9
'Small world' topologies characterize highly interconnected sub-networks which are resilient 3 7 0 to perturbations, because random losses of node species may be easily compensated by 3 7 1 links to other nodes, except if a key node is affected (Albert et al., 2000; Montoya et al., 3 7 2 2006) . In this study, such 'keystone taxa' were identified as the cercozoan amoeboflagellate 3 7 3
Neoheteromita globosa in lettuce and a Sphingomonas bacterium in potato. A pronounced 3 7 4 edge width between bacteria and Paracercomonas and Sandonidae in both networks 3 7 5 suggests a strong impact of these protist taxa on microbiome structure. The pronounced 3 7 6 edge width may further indicate a certain degree of functional redundancy among 3 7 7
Paracercomonas and Sandonidae, which could act as 'trophic species' where 3 7 8 phylogenetically related predators may exhibit similar prey preferences. If true, such 3 7 9 functional redundancy may contribute to the stability and self-organization of food-web 3 8 0 relationships in the rhizosphere. 3 8 1
However, trade-offs may arise because the performance of cercozoan species differs in 3 8 2 response to the composition of bacterial assemblages (Flues et al., 2017; Glücksman et al., 3 8 3 2010; Xiong et al., 2018) . In a key experiment, manipulating the diversity of protist predators 3 8 4
and their bacterial prey, Saleem et al. (2013) identified the synergistic exploitation of bacterial 3 8 5 prey by predator complementarity as main driver of protist community performance. Thus 3 8 6 prey-predator matching may lead to an optimization and functional stabilization of these 3 8 7
interactions. 3 8 8
Overall, this study laid the foundation of a number of testable new hypotheses on 3 8 9 microbiome assembly and functioning. Most importantly, our results suggest ripple effects of 3 9 0 root metabolites via bacteria to the next trophic level. A dynamic feedback of rhizosphere 3 9 1 bacteria communities on protist community assembly and vice versa has far reaching 3 9 2 consequences for our understanding of the regulation of rhizosphere processes. While the 3 9 3 assembly of rhizosphere bacterial communities is bottom-up controlled through the resource 3 9 4 supply from root metabolites, our results support the hypothesis that the net effect may 3 9 5 depend on the strength of top-down control by protist grazers, thereby stabilizing the 3 9 6 functional performance of bacterial microbiomes on plant surfaces. b  e  r  t  R  ,  J  e  o  n  g  H  ,  B  a  r  a  b  á  s  i  A  -L  .  2  0  0  0  .  E  r  r  o  r  a  n  d  a  t  t  a  c  k  t  o  l  e  r  a  n  c  e  o  f  c  o  m  p  l  e  x  n  e  t  w  o  r  k  s  .  N  a  t  u  r  e  4  0  6  ,  4  0  6  3  7  8  .  4  0  7   A  n  d  e  r  s  o  n  M  J  .  2  0  0  1  .  A  n  e  w  m  e  t  h  o  d  f  o  r  n  o  n  -p  a  r  a  m  e  t  r  i  c  m  u  l  t  i  v  a  r  i  a  t  e  a  n  a  l  y  s  i  s  o  f  v  a  r  i  a  n  c  e  .  A  u  s  t  r  a  l  4  0 o  l  e  c  u  l  a  r  P  l  a  n  t  -M  i  c  r  o  b  e  I  n  t  e  r  a  c  t  i  o  n  s  2  4  ,  4  4  9  2  7  1  -2  8  4  .  4  5  0   D  e  l  m  a  s  E  ,  B  e  s  s  o  n  M  ,  B  r  i  c  e  M  -H  ,  B  u  r  k  l  e  L  A  ,  D  a  l  l  a  R  i  v  a  G  V  ,  F  o  r  t  i  n  M  -J  ,  G  r  a  v  e  l  D  ,  G  u  i  m  a  r  ã  e  s  J  r  .  P  R  ,  4  5  1  H  e  m  b  r  y  D  H  ,  N  e  w  m  a  n  E  A  ,  O  l  e  s  e  n  J  M  ,  P  i  r  e  s  M  M  ,  Y  e  a  k  e  l  J  D  ,  P  o  i  s  o  t  T  .  2  0  1  9  .  A  n  a  l  y  s  i  n  g  e  c  o  l  o  g  i  c  a  l  4  5  2  n  e  t  w  o  r  k  s  o  f  s  p  e  c  i  e  s  i  n  t  e  r  a  c  t  i  o  n  s  .  B  i  o  l  o  g  i  c  a  l  R  e  v  i  e  w  s  9  4  ,  1  6  -3 n  t  o  y  a  J  M  ,  P  i  m  m  S  L  ,  S  o  l  é  R  V  .  2  0  0  6  .  E  c  o  l  o  g  i  c  a  l  n  e  t  w  o  r  k  s  a  n  d  t  h  e  i  r  f  r  a  g  i  l  i  t  y  .  N  a  t  u  r  e  4  4  2  ,  2  5  9  -2  6  4  .  5  3  8   M  ü  l  l  e  r  D  B  ,  V  o  g  e  l  C  ,  B  a  i  Y  ,  V  o  r  h  o  l  t  J  A  .  2  0  1  6  .  T  h  e  P  l  a  n  t  M  i  c  r  o  b  i  o  t  a  :  S  y  s  t  e  m  s  -L  e  v  e  l  I  n  s  i  g  h  t  s  a  n  d  5  3  9  P  e  r  s  p  e  c  t  i  v  e  s  .  A  n  n  u  R  e  v  G  e  n  e  t  5  0  ,  2  1  1  -2  3  4  .  5  4  0   O  k  s  a  n  e  n  J  ,  B  l  a  n  c  h  e  t  F  ,  K  i  n  d  t  R  ,  L  e  g  e  n  d  r  e  P  ,  M  i  n  c  h  i  n  P  ,  O  '  H  a  r  a  R  ,  S  i  m  p  s  o  n  G  ,  S  o  l  y  m  o  s  P  ,  S  t  e  v  e  n  s  M  ,  5 
